Heterogeneity among the odontoblast-specific, highly phosphorylated acidic protein dentine phosphoprotein (DPP) obtained from different species has been reported by several investigators. In the present study, the apparent molecularmass variations in rabbit and mouse DPP were investigated. Extracellular matrix (ECM) DPPs were isolated and characterized. Primary gene products, before post-translational phosphorylation, were analysed based upon translation products produced in a rabbit reticulocyte lysate cell-free system using a polyclonal mouse anti-DPP antibody. Nascent non-phosphorylated DPPs were also identified from intracellular protein extracts. Mouse and rabbit ECM phosphoproteins exhibited a 10 kDa difference in size. However, nascent intracellular or translation products from both species showed the same lower molecular mass (approx. 45 kDa). Furthermore, Northern-blot analysis showed a single mRNA of the same size in both species (approx. 1.6 kb) which contains information for a protein no larger than 50 kDa. Our results indicate that the difference in molecular mass (or electrophoretic behaviour) among DPPs from different species is due to post-translational modifications, in this case phosphorylation.
INTRODUCTION
During tooth development the cranial neural crest-derived ectomesenchymal cells differentiate into odontoblast cells that synthesize and secrete constituents of the dentine extracellular matrix (ECM). This matrix consists of Type I and Type I trimer collagen, proteoglycans, glycosaminoglycans, y-carboxyglutamate-containing proteins or osteocalcin, osteopontin, osteonectin, serum proteins and dentine phosphoprotein (DPP; phosphophoryn [1] ). DPP is uniquely synt-hesized by odontoblast cells and represents a specific phenotypic biochemical marker for cell differentiation [2] . This acidic protein is extremely rich in aspartic acid and serine (phosphoserine) residues and has a high avidity for calcium ions, being preferentially precipitated by this ion [3] . Autoradiographic [4] and immunohistochemical [2] studies have shown that DPP is secreted directly into the mineralizing dentine ECM through the odontoblast cell processes. Although the function of DPP is not fully understood, it has been suggested that it might function in the nucleation or regulation of calcium hydroxyapatite crystal growth associated with dentine biomineralization [1] .
DPP has been isolated and characterized in a number of mammalian species. All DPPs characterized to date share the same basic physicochemical properties; however, major discrepancies have centred on the number and molecular mass of the protein(s). Rat incisors contain two classes of phosphorylated phosphoproteins [5] [6] [7] . These proteins, termed highly phosphorylated and moderately phosphorylated proteins, differ in their amino acid compositions, especially in the number of phosphoserine residues they possess [7] . The heterogeneity was further supported by the identification of two N-terminal sequences, Asp-Asp-Asp-Asn and Asp-Asp-Pro-Asn, obtained after enzymic dephosphorylation of the rat highly phosphorylated DPP [8] . The heterogeneity of DPPs, as a class or family of proteins, has been described in both rat and bovine teeth [9] .
Biochemical analysis of DPPs using classical protein chemistry techniques has proved difficult because of the high degree of phosphorylation, extreme negative charge (pl 1.1 [10] ) and redundant amino acid composition (80-90 % serine and aspartic acid residues) of these proteins. Molecular mass determination of DPP has shown great variations, ranging in size from 35 kDa to 158 kDa [6, [11] [12] [13] . These variations are thought to be caused by degradation of the protein during extraction procedures and/or the abnormal behaviour of this protein in SDS/PAGE systems [14] .
Preliminary results obtained in our laboratory using DPP obtained from different species suggested that the difference in molecular mass, and perhaps the number of proteins, might be a reflection of the degree of phosphorylation. In this study we have characterized the original gene product before post-translational modifications of the protein(s). The molecular mass of the nascent proteins was analysed from mRNA translation products obtained in a rabbit reticulocyte lysate cell-free system or from the intracellular nascent DPP extracted from developing tooth organs.
Our results clearly indicate that the size difference between ECM DPPs isolated from mouse (72 kDa) and rabbit (82 kDa) is due to post-translational modifications such as phosphorylation. Nascent DPP molecules or dephosphorylated DPP from each mammalian species migrated with the same molecular mass (approx. 45 kDa). Furthermore, Northern-blot analysis using a specific DPP probe hybridized to the same size mRNA (1.6 kb). Vol. 287
MATERIALS
Intracellular nascent DPP was prepared by homogenization of the tooth organs in homogenization buffer [15] . Proteins were fractionated by SDS/urea PAGE and the nascent DPP detected by Western-blot immunoassay as described previously [2, 16] Amino acid composition Purified rabbit and mouse DPP were hydrolysed under nitrogen in 6 M-HCl for 24 h at 110°C and the amino acid composition was determined by AAA Laboratories, Mercer Island, WA, U.S.A.
DPP immunodetection
The production and characterization of rabbit anti-(mouse DPP) antibody have been described previously [2] . Crossreactivity of the antibody with rabbit DPP was demonstrated by a dot-immunobinding assay. Detection and characterization of both mouse and rabbit DPP were done by a Western-transfer assay [2] .
DPP dephosphorylation
Pure rabbit and mouse DPP was obtained by extraction of the purified bands from SDS/urea polyacrylamide gels as described previously [2] . Dephosphorylation was carried out with potato acid phosphatase (Sigma, St. Louis, MO, U.S.A.) in 0.09 Mcitrate buffer, pH 4.8, at 37°C for 1 h. The reaction was stopped by boiling the reaction mixture for 5 min.
mRNA extraction
Total nucleic acids were extracted from tooth organs obtained from newborn mice and 24-day-gestation rabbit embryos [17] . DNA and tRNA were removed with 2 M-LiCl and the poly(A)+ RNA was separated by oligo(dT)-cellulose chromatography [17] .
The blots were wrapped in Saran Wrap and exposed to X-ray film for 2 days.
RESULTS
DPP present in the guanidine hydrochloride/EDTA extraction obtained from mouse and rabbit mineralized ECMs were analysed by SDS/urea PAGE. Phosphorylated proteins were detected by the characteristic dark blue staining obtained with Stains All. The mouse protein had a molecular mass of approx. 72 kDa (Fig. 1, lane 5) , whereas the rabbit protein migrated as an 82 kDa component (Fig. 1, lane 6) .
The determination of the amino acid composition of both protein bands (Table 1) indicated that these proteins were enriched in aspartic acid (25-34 %) and serine (49-55 %) residues, which is characteristic of DPP.
The identification of nascent rabbit and mouse DPP before phosphorylation was done by translation of the DPP mRNA (contained in the total RNA extracted from tooth organs) in a reticulocyte cell-free system in the presence of [35S]methionine, followed by immunoprecipitation of the translated DPP protein with the anti-DPP antibody. Analysis of the translation products by SDS/urea PAGE showed the presence of a few endogenous translation products in the reticulocyte lysate sample which had no mRNA added (Fig. 2, The lower molecular mass of the non-phosphorylated or nascent DPP was further demonstrated by analysis of the mRNA translation mRNA translational activity was determined in a reticulocyte lysate cell-free system (BRL, Gaithersburg, MD, U.S.A.) in the presence of [35S]methionine. Translation products were analysed directly or after immunoprecipitation by SDS/urea PAGE followed by fluorography [17] .
Northern-hybridization assay mRNAs were fractioned on glyoxal denaturing gels and transferred to nitrocellulose membranes following the method described by Thomas [18] .
A DPP oligonucleotide (mixed probe) was constructed using the amino acid sequence Asp-Asp-Pro-Asn-Asp-Asp-Asp-Glu reported for rat highly phosphorylated DPP [8] Fig. 3 . A band of approx. 45 kDa, cross-reactive with the anti-DPP antibody, was present in both mouse and rabbit intracellular extracts (lanes 6 and 8 respectively).
To confirm the faster migration ofnon-phosphorylated nascent DPP in SDS/urea PAGE, mouse and rabbit phosphorylated dentine ECM DPP was purified (Fig. 4, lanes 1 and 2 respectively) , dephosphorylated with potato acid phosphatase, fractionated on gels, transferred to nitrocellulose and immunostained with anti-DPP antibody. The presence of two new bands of approx. 45 kDa and 40 kDa stainable with Coomassie Blue (lanes 3 and 4) and cross-reactive with the anti-DPP antibody were apparent in both mouse and rabbit samples (lanes 7 and 8) . The third band present in lanes 5 and 6 corresponds to the potato acid phosphatase.
The previous results suggest that the difference in mass of the mouse and rabbit ECM proteins is due to degree of phosphorylation and not to actual differences in the mass of the nascent proteins. To confirm these results we analysed the size of the mRNA responsible for the synthesis of DPP in both mouse and rabbit mRNAs. This was achieved by a Northern-blot analysis using an oligonucleotide probe constructed against the sequence Asp-Asp-Pro-Asn-Asp-Asp-Asp-Glu, which is the only Vol. 287 known amino acid sequence for DPP [8] . An mRNA species of approx. 1.6 kb was hybridized to this oligonucleotide in both mouse and rabbit mRNAs (Fig. 5) .
DISCUSSION
The results shown here strongly suggest that molecular mass differences in DPPs obtained from different species appear to be post-translational due to phosphorylation. Studies aimed at isolating and characterizing nascent DPP molecules, before completed post-translational modifications had taken place. This was achieved by characterizing the DPP-mRNA cell-free-system translation products. Although it has been reported that some post-translational modifications take place in these systems, none occurred to the same degree as the product synthesized in vivo. Analysis of these products (immunoprecipitated with a DPP-specific polyclonal antibody) by SDS/urea PAGE indicated that they migrated faster than the ECM proteins showing an apparent molecular mass of approx. 45 kDa. Both rabbit and mouse DPPs migrated with the same molecular mass. Furthermore, Northern-blot analysis of rabbit and mouse mRNA with a DPP-specific probe indicated the presence of the same size mRNA (approx. 1.6 kb, which contains information for a protein of no more than 50 kDa). In contrast to our mRNA studies, Maier et al. [19] reported that rat DPP (phosphophoryn) mRNA translates into a 153 kDa protein, which is a larger molecular mass than the rat ECM DPP (90 kDa). According to these results, DPP is synthesized as a larger molecular mass precursor which is then processed to a functional lower molecular mass protein. Differences between these studies could be caused by the possibility that there is more than one DPP present in dentine, as has been suggested by Veis [1] , the specificity of the antibody and/or true species variations.
In other experiments, the nascent intracellular DPP was extracted from the odontoblast cells. This protein is not yet phosphorylated or has very few phosphate groups (does not stain with Stains All), however, it is readily cross-reactive with the DPP antibody. Analysis of SDS/urea PAGE followed by Western transfer and immunostaining again indicated a lower molecular mass for nascent DPP and again both mouse and rabbit proteins migrated with the same molecular mass (approx. 45 kDa).
Final confirmation that phosphorylation alters the migration behaviour of the protein in SDS/urea PAGE was obtained by isolating the ECM phosphorylated rabbit (82 kDa) and mouse (72 kDa) DPPs and dephosphorylating with potato acid phosphatase. After dephosphorylation for 1 h, two new proteins of 40 and 45 kDa, not stainable with Stains All but stainable with Coomassie Blue and cross-reactive with the DPP antibody, were present. These results are in accordance with results reported by Jontell et al. [14] , in which using equilibrium sedimentation centrifugation they determined the molecular mass of dephosphorylated rat DPP to be 38 kDa. The presence of two bands after dephosphorylation can be interpreted as showing that either there are two different proteins that migrate as one protein when fully phosphorylated, or the potato acid phosphatase contains some protease impurities.
That phosphorylation affects the molecular mass behaviour in SDS/PAGE has also been demonstrated for other proteins such as osteopontin (also known as 44 kDa phosphoprotein and sialoprotein), which by cDNA analysis has a core protein of 32 kDa, and after post-translational phosphorylation migrates as an 80 kDa protein [20] .
All indications suggest that DPP is highly conserved among species and the major differences noted in PAGE migration are caused by the degree of phosphorylation, which might ultimately be dependent on the kinase(s) responsible for the phosphorylation of these proteins. However, we cannot rule out differences in the primary structure (while conserving functional domains) for each species, which in turn might account for the differences in the degree of phosphorylation.
